To investigate allelopathic activity of a leguminous mangrove plant, Derris indica, the 'Protoplasts Co-culture Method' for bioassay of allelopathy was developed using suspension culture. A suspension culture was induced from immature seed and sub-cultured in Murashige and Skoog's (MS) basal medium containing 10 μM each of 2,4-dichlorophenoxyacetic acid (2,4-D) and 6-benzyladenine (BA). The protoplasts were isolated using the separate wells method with 2% each of Cellulase RS, Driselase 20 and Macerozyme R10 in 0.4 M mannitol solution. Protoplast cultures of D. indica revealed that high concentrations of cytokinins, BA and thidiazuron, were effective for cell divisions. The co-cultures of D. indica protoplasts with recipient lettuce protoplasts using 96 multi-well culture plates were performed in MS basal medium containing 0.4 M mannitol solution and 1 μM 2,4-D and 0.1 μM BA. The protoplast density of D. indica used in co-culturing varied from 6 x 10 3 -10 5 / mL. Very strong inhibitory allelopathic effects of D. indica protoplasts on lettuce protoplast growth were found. A similar strong inhibitory allelopathic activity of dried young leaves on lettuce seedling growth was also observed by using the sandwich method. Rotenone, which is a component of Derris root, dissolved in DMSO, was highly inhibitory on the growth of lettuce protoplasts in culture and this could be one of the causes of the strong allelopathic activity of D. indica.
A tree leguminous plant, Derris indica, synonym Pongamia pinnata and Millettia pinnata, is a mangrove species growing in brackish water regions of tropical and subtropical areas [1, 2] . This species has been propagated for its seeds as they contain oils and fatty acids suitable for biodiesel production [3] . In order to determine the risk of D. indica as an invasive plant species, allelopathic activity is an interesting subject to investigate; however, little is known about the allelopathic activity of D. indica at present.
Recently, an inverse relationship between allelopathic activity and salt tolerance was found between the seaward-grown Sonneratia halophilic species and the upstream-grown, low salt tolerant Sonneratia species in a mangrove forest, through the use of the 'Protoplast Co-culture Method' [4] by using their suspension cultures [5] for bioassay of allelopathy. Plants of D. indica are grown in upstream locations of a mangrove forest [1] . Only low salt tolerance was reported in the growth of suspension culture of D. indica [6] , which suggests that it may have high allelopathic activities.
In this report, the 'Protoplast Co-culture Method', which was first introduced for bioassay of allelopathy in a herbaceous leguminous species [4] , was developed by using the suspension culture of D. indica and compared with another in vitro bioassay method of allelopathy, the sandwich method [7, 8] . Furthermore, to study the mechanism(s) of allelopathy at the cellular level, the effect of rotenone, a toxic insecticide component of Derris roots, was investigated on recipient lettuce protoplast growth. Figure 1 shows the sandwich method of leaves of two different growth stages of D. indica. Strong inhibitory allelopathic activities, ca. 80% growth inhibition of lettuce root, were observed by adding 50 mg dried leaves of both young leaves of D. indica seedlings grown from seeds from Okinawa, Japan ( Figure 1a ) and leaf litter collected in Thailand ( Figure 1b ).
In our previous report [9] using the sandwich method, strong allelopathic activities were found in both young leaves and leaf litter of a non-mangrove leguminous tree, Leucaena leucocephala, which is known as an invasive plant. In contrast, a woody leguminous plant, Mucuna gigantea, and the herbaceous soybean, fresh leaves had higher inhibitory activities than leaf litter, which only had a moderate effect. These findings suggest that some allelochemical(s) are synthesized at the growing stages of plants.
Suspension culture of D. indica was induced similar to those of Sonneratia mangrove species [5] . Cell proliferation was induced and sub-cultured from immature seed of D. indica in the MS medium containing 10 μM each of 2,4-D and BA. High concentrations of an auxin and a cytokinin are the same as for callus culture of M. gigantea [9] . However, a low concentration of 2,4-D (0.1 μM) was needed for Sonneratia species. Figure 2a shows the suspension cells of D. indica.
For development of the protoplast co-culture method, optimization of the protoplast isolation condition is a prerequisite. Figure 2b shows the protoplasts of D. indica isolated from rapidly growing suspension cells, which contain starch granules. The diameters of these protoplasts were approximately 15-50 μm. Their size was similar to those of lettuce protoplasts. The lettuce protoplasts were green as the cells contain chloroplasts [4, 5] . For D. indica protoplast isolation, a combination of 2% each of wall degrading enzymes, Cellulase RS, Driselase 20, and Macerozyme R10 was selected from 24 combinations of 6 enzymes [10] . Cellulase R10 and Pectolyase Y23, which were used for the isolation of protoplasts in other leguminous plants [9] , were not successful for viable protoplast preparation of D. indica. Instead of incubation in a flask, the separate wells method, which was successful for protoplast isolation for several leguminous plants, i.e. M. pruriens [4] , M. gigantea, and L. leucocephala [9] , was also effective for the isolation of D. indica protoplasts. The separate wells method might have reduced the formation of the oxidized product during enzymatic incubation. The selected osmotic condition, 0.4 M mannitol, for D. indica suspension cells was the same as for the etiolated leaves of a herbaceous leguminous plant M. pruriens, but this concentration is low compared with the 0.8 M mannitol for M. gigantea and L. leucocephala. In this report, lettuce protoplasts were isolated for the protoplast co-culture method using both 0. Figure 2c ) was obtained at 10 μM each of 2,4-D and a strong cytokinin, thidiazuron, at a cell density of 5 x 10 4 / mL. Protoplast culture required a higher cytokinin condition than for suspension cells of D. indica. Such a tendency is the same as for protoplast cultures of other leguminous plants [4, 9] .
The protoplast co-cultures method was applied to D. indica and lettuce. As shown in Figure 4 , D. indica protoplasts reduced the growth of lettuce protoplasts, depending on the densities. Similar effects were obtained with cell enlargement after 4 days of culture (stage of cell enlargement) and after 11 days of culture (stage of cell divisions). A density of 5 x 10 4 / mL of D. indica completely inhibited the growth of lettuce protoplasts. This is twice the effective density of M. gigantea protoplasts, which inhibited the growth of lettuce protoplasts. A 50% inhibition was obtained with 10 4 / mL (500 protoplasts / 50 μL medium), which is 10 times the value for L. leucocephala [9] .
Numbers of enlarged and divided protoplasts, and colonies were counted and described as the percentage of control without Derris protoplasts and averages with SE at 5 x 10 3 -2 x 10 5 / mL lettuce protoplast density. Such data description was used in the protoplast co-culture method of Sonneratia mangrove species [5] , and measurements of the effects of nicotinic acid metabolites on lettuce [11] . The plant growth regulators in the co-culture medium, 1 μM of 2,4-D and 0.1 μM of BA, are optimum for growth of lettuce protoplasts [4] , but not for the growth of D. indica protoplasts. A similar strong inhibition of D. indica was observed in the medium containing 5 μM of BA (data not shown), which is sub-optimum for cell divisions of D. indica protoplasts. A strong cytokinin, thidiazuron, was needed for colony development.
Different allelopathic substances in different plants have been investigated [12] . A pyridine alkaloid, trigonelline, was investigated in D. indica [13] and L. leucocephala [14] and the results were discussed in relation to salt tolerance. However, no-inhibitory effect of this compound was found in the protoplast culture of lettuce [11] . A phenylpropanoid, rotenone, a component of Derris roots, e.g. D. elliptica and D. malaccensis, has been used as an organic pesticide. Rotenone causes Parkinson's disease in rat, while L-DOPA, which is a putative allelochemical in Mucuna, is a medicine for the disease. In this report, the effect of rotenone on lettuce protoplast culture was investigated in order to determine whether rotenone is the cause of the strong inhibitory allelopathic activity found in D. indica.
In contrast to other allelochemicals investigated in our previous papers i.e. L-DOPA [4] and mimosine [9] , rotenone is an oily substance. The effect of an oily compound, brassinolide (BR), dissolved in ethanol, a solvent which had no effect at 5% in the medium, has been investigated in the poplar protoplast culture. Increase of cell divisions by BR was observed, depending on concentrations [15] . In the present report, rotenone was dissolved in either ethanol or DMSO for application to the protoplast culture.
DMSO had no effect on lettuce protoplast culture at 0.5 μL (1%) and 1 μL (2%) in 50 μL medium, but 40% inhibition was observed at 2 μL (4%). As shown in Figure 5 , rotenone dissolved in 1 μL DMSO at day 4 of culture, inhibited cell enlargement and after 8 days of culture, inhibition of divisions and colony formation was observed depending on concentrations. The inhibitory pattern of rotenone is similar to that of D. indica protoplasts when co-cultured with lettuce protoplasts. Though the rotenone content was not determined in D. indica protoplasts, a very low concentration, 1 μM clearly inhibited the growth of lettuce protoplasts. At the lowest concentration tested, 0.1 μM rotenone, a slight increase of growth was observed.
Division was completely inhibited by 1 mM rotenone, which corresponds to the 5 x 10 4 /mL of D. indica protoplasts in co-culture ( Figure 4 ). It is calculated to be 200 μmoles / 10 7 protoplasts. This concentration has a higher inhibitory effect than mimosine [9] , but less than that of L-DOPA [4] . The crystal of rotenone in the medium was prominent at more than 100 μM concentrations. Depending on the rotenone concentrations, inhibitory effects were obtained and almost no difference was found between 0.4 M and 0.8 M mannitol and between the solvent used, i.e. DMSO and ethanol (data not shown). Effects at both stages of cell enlargement and cell divisions were the same. These observations are different from that with mimosine [9] , which shows no inhibition at less than 10 μM and only 40% inhibition by 100 μM at later stages. Thus, rotenone is highly inhibitory to protoplast cultures of lettuce. Compared with those of L-DOPA, which is a putative allelochemical in M. pruriens, 1 μM of L-DOPA was not inhibitory to lettuce protoplast growth [4] . Therefore, the 'Protoplast Co-culture method for bioassay of allelopathy' using putative allelochemicals in recipient lettuce protoplast cultures is useful for quantitative measurement of inhibitory activities of protoplasts in culture.
The two in vitro bioassay methods of allelopathy, the sandwich method and the protoplast co-culture method, demonstrated the presence of very strong inhibitory activities in D. indica. The oily substance, rotenone, might be one of the allelochemicals in D. indica.
Experimental
Plant preparation: Seeds and leaf litter of Derris indica were either collected in Thailand or obtained in Okinawa, Japan. The seeds were planted on vermiculite in pots, irrigated and grown in a greenhouse. Aseptic seedlings of Lactuca sativa (lettuce) were prepared as described previously [4] . Briefly, lettuce seeds 'Great Lakes 366' were sterilized with 1.5% NaClO solution for 15 min and washed with autoclaved water 3 times. They were cultured on 0.8% agar medium for one week to one month in the 16 h photoperiod (60 μE) at 25 o C.
Sandwich method:
Either young leaves or leaf litter of D. indica were dried at 60 o C for 18 h and stored in the dried condition until use. The sandwich method was performed as described previously [7, 8] . Briefly, 10 mg and 50 mg of dried leaves were sandwiched between two layers of 5 mL of 0.5% agar (powder, gelling temp. 30-31 o C, Nacalai tesque Co. Ltd. Kyoto, Japan) in 6-well plates (Nunc). Length of hypocotyls and roots of germinated seeds of lettuce on agar was measured after 3 d of incubation at 20 o C in the dark. The control treatment consisted of seeds germinated in the absence of dried leaves. Data were recorded as percentage growth of the control and averaged with standard deviation (SD).
Suspension culture of D. indica: Green immature seeds of D. indica collected in Thailand were sterilized with 5% NaClO solution for 30 min, and washed with autoclaved water 3 times. The cut sections were first planted in 1 mL liquid Murashige and Skoog's (MS, [16] ) basal medium containing 3% sucrose, a combination of 0, 0.1, 1, 10, 100 μM each of 2,4-D and BA and proliferated callus at 10 μM each of 2,4-D and BA. Sub-culture was conducted using the same media composition in both liquid and solid condition at 3-4 weeks intervals at 30 o C in the dark. In liquid condition, they were cultured at 100 rpm speed on a rotary shaking incubator. [4] . In a preliminary experiment, the optimal condition was selected from 24 combinations of 6 enzymes including the above 3 enzymes and Cellulase R10, Hemicellulase and Pectolyase Y-23, in different osmotic conditions (0.4 M to 1.2 M mannitol or sorbitol solution) [10] . Lettuce leaf protoplast isolation was performed in a flask using 1% each of Cellulase RS and Macerozyme R-10 (Yakult) in 0.4 or 0.8 M mannitol solution for 20 h. After passing through a 42-80 μm sized nylon mesh, protoplasts were purified by washing 3 times with the mannitol solution followed by centrifugation at 100 to 350 g (800 -1500 rpm) for 5 min. All the procedures were performed in aseptic conditions at room temperature.
Protoplast culture of D. indica and co-culture with lettuce protoplasts:
Protoplast suspensions, 5 μL each, were put into 50 μL of liquid medium in a 96-well plastic culture plate (Falcon No. 3075); 100 μL of autoclaved pure water (Milipore Direct-Q UV) was added to the space between the wells and the plate was tightly sealed with two layers of Parafilm R . The protoplasts were cultured at 28 or 30 o C in a humid incubator (CO 2 -incubator without the supply of CO 2 , APC-30DR, ASTEC Co. Ltd.). Numbers of nonspherically enlarged-and divided-protoplasts and colonies composed of more than 4 cells were counted under an inverted microscope (Olympus CK40 or IX71). The protoplast density ranged from 2 x 10 4 to 5 x 10 4 / mL. Medium was MS basal medium, containing 3% sucrose, 0.4M mannitol and a combination of 0, 0.1, 1, 10, 100 μM of 2,4-D and either BA or thidiazuron. Cocultures of D. indica protoplasts with lettuce protoplasts were performed in MS medium containing 1 μM of 2,4-D and 0.1 or 5 μM of BA, 3% sucrose and 0.4 M mannitol. The lettuce protoplast density ranged from 5 x 10 3 to 2 x 10 5 / mL. When cited in the text, rotenone instead of D. indica protoplast was put in the above lettuce protoplast culture. Rotenone was dissolved in either ethanol or DMSO. The effect of DMSO 0.5 (1%) to 2 μL (4%) in 50 μL of medium on lettuce protoplast growth was investigated. Numbers of enlarged and divided lettuce protoplasts and colonies were counted. Lettuce protoplast growth was described as the % of control without Derris protoplasts or rotenone. Data are averages with SE at 5 x 10 3 -2 x 10 5 / mL lettuce protoplast density [5, 11] .
